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Evidence for photo-induced radical disulfide bond scrambling in the gas phase during
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) is described. The
phenomenon was observed during the analysis of tryptic peptides from insulin and was
confirmed in the determination of disulfide bonds in the rhamnose-binding lectin SEL24K
from the Chinook salmon Oncorhynchus tshawytscha. A possible mechanism for this surprising
scrambling is proposed. Despite this finding, the disulfide bond pattern in SEL24K was
assigned unambiguously by a multi-enzyme digestion strategy in combination with MALDI
mass spectrometry. The pattern was found to be symmetrical in the tandem repeat sequence
of SEL24K. To the best of our knowledge, this is the first report of disulfide bond scrambling
in the gas phase during MALDI-MS analysis. This observation has important ramifications for
unambiguous assignment of disulfide bonds. (J Am Soc Mass Spectrom 2009, 20, 1603–1616)
© 2009 American Society for Mass SpectrometryDisulfide bonds, among the most common post-translational modifications (PTMs), play a crit-ical role in establishing and stabilizing the
three-dimensional structure of proteins. The assign-
ment of disulfide bonds can contribute to the under-
standing of biological function of proteins. However,
unambiguous assignment of disulfide bonds is far from
trivial and still presents a challenge to analytical chem-
ists [1–3]. The most common complication encountered
is solution-phase disulfide bond scrambling that changes
the original disulfide bond pattern and results in erro-
neous data. Typically, the scrambling occurs during
enzymatic digestion of the protein if the pH is too high
(pH  8). Hydroxide ions in aqueous solution act as
external nucleophiles and cause the formation of thio-
late anions, which in turn act as peptide-internal nu-
cleophiles on neighboring S–S–bonds. The scrambling
mechanism has been reviewed [4–6].
The techniques used to analyze disulfide bond pat-
terns have improved dramatically since the develop-
ment of matrix-assisted laser desorption/ionization
(MALDI) and electrospray ionization (ESI). In combina-
tion with enzymatic digestions, chemical modifications,
and separation by high-performance liquid chromatog-
raphy (HPLC), MALDI and ESI have been widely used
in protein sequencing and disulfide mapping [7–11].
Address reprint requests to Dr. A. H. Franz, Department of Chemistry,
University of the Pacific, 3601 Pacific Ave., Stockton, CA 95211, USA.
E-mail: afranz@pacific.edu
© 2009 American Society for Mass Spectrometry. Published by Elsevie
1044-0305/09/$32.00
doi:10.1016/j.jasms.2009.04.021Disulfide-bonded peptides from ESI have been se-
quenced by collisionally-activated dissociation (CAD).
Fragmentation across the S–S–bond (homolytic and
heterolytic) provides evidence for the structure [12, 13].
Among other feasible fragmentation mechanisms, one
paper has reported evidence for disulfide scrambling in
the gas phase during CAD [14]. A free thiol-containing
antibiotic metabolite, desfuroylceftiofur (DFC), was
used to derivatize peptides into disulfide-linked bioac-
tive compounds. The MS/MS analysis of one deriva-
tive, [vasopressin(SS-DFC)2  H]
 by CAD resulted in
loss of one and two DFC moieties through either
homolytic or heterolytic dissociation of the disulfide
bonds, including hydrogen migration in the latter case.
In contrast, the homolytic cleavage resulted in the
formation of an odd-electron product ion and a neutral
fragment. In addition, it was observed that the loss of
two DFC moieties from this complex resulted in an
intramolecular disulfide bond in the peptide chain.
CAD transfers energy through multiple collisions and
may give rise to such rearrangements.
MALDI, on the other hand provides energy
through laser light; however, the ionization process for
MALDI-MS is still not fully understood. During the
MALDI analysis, analyte and matrix molecules are
desorbed and ionized upon UV laser excitation. In the
ion source, gas-phase reactions, such as redox reactions,
may occur between the electronically excited analyte
ions and matrix ions/molecules. For example, the
mechanism of the reduction of Cu (II) to Cu (I) in
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1604 ZHAO ET AL. J Am Soc Mass Spectrom 2009, 20, 1603–1616MALDI was studied, and it was found that this reduc-
tion was caused by gas-phase charge exchange with
matrix molecules, which is a thermodynamically favor-
able process [15]. Recently, studies of a MALDI in-
source photo-oxidation reaction have shown that on a
photoelectrode-modified target plate, hydroquinone
can be photo-oxidized to benzoquinone by UV laser
excitation [16]. This reaction in turn can be used for
covalent labeling of cysteine-containing peptides.
Fukuyama et al. described an effective method to se-
quence and locate disulfide bonds of peptides with the
help of a reductive matrix [7]. During the MALDI MS
analysis of disulfide bond-containing proteins, ions
with intact as well as cleaved disulfide bonds have been
detected, and the terminus on the half-cysteine residues
was thought to be an odd-electron sulfhydryl ion. It is
now well-established that the MALDI plume provides
favorable conditions for gas-phase reactions. Therefore,
the plume may be the source of radical species respon-
sible for the scrambling of disulfide bonds in tryptic
peptides from the salmon lectin SEL24K, as we report it
here.
SEL24K is a rhamnose-binding lectin isolated from
the egg of the Chinook salmon Oncorhynchus tshaw-
ytscha. There is mounting evidence that this SEL24K
lectin provides a block to polyspermy upon fertilization
via binding to glycoprotein ligands in the egg jelly.
SEL24K has 195 amino acids, including 16 cysteines
with completely conserved locations, in comparison
with the analogous galactose-specific lectin (SUEL)
from the sea urchin egg Anthocidaris crassipina [17].
In this paper, we present evidence for photo-induced
disulfide bond scrambling in the gas phase during
MALDI- time-of-flight (TOF) analysis of tryptic pep-
tides of SEL24K. A possible mechanism for this scram-
bling is proposed. To the best of our knowledge, this is
the first report of disulfide bond scrambling in the gas
phase during MALDI-MS analysis. However, the disul-
fide bond pattern in SEL24K was established unequiv-
ocally by applying a multi-enzyme strategy in combi-
nation with MALDI-TOF MS/MS analysis.
Experimental
Materials
Chinook salmon Oncorhynchus tshawytscha eggs were
obtained from the Nimbus Dam Fish Hatchery, Califor-
nia Department of Fish and Game, Sacramento, CA,
USA. The immobilized L-1-tosylamido-2-phenylethyl-
chloromethyl ketone (TPCK) trypsin was purchased
from Pierce (Rockford, IL, USA). Endoproteinase Asp-N
from Pseudomonas fragi mutant strain (proteomics grade),
endoproteinase Glu-C from Staphylococcus aureus V8°
(proteomics grade), -cyano-4-hydroxycinnamic acid
(CHCA), 2, 5-dihydroxybenzoic acid (2,5-DHB), sinap-
inic acid (SA), 2,4,6-trihydroxyacetophenone (THAP),
MeCN (HPLC grade), and trifluoroacetic acid (TFA)were purchased from Sigma-Aldrich (St. Louis, MO,
USA).
Purification of SEL24K
SEL24K was isolated according to a previously pub-
lished method [18]. Further purification was performed
on a SCL-10A VP liquid chromatograph (Shimadzu,
Columbia, MD, USA) with a 208TP C8 reversed-phase
column (particle size 5 m, 300 A, 4.6  250 mm;
Dionex, Sunnyvale, CA, USA). The total running time
was 95 min at a flow rate of 0.5 mL/min with a binary
gradient starting isocratically with Solvent A (0.1% TFA
in water) for 10 min. Subsequently, Solvent B (0.1% TFA
in acetonitrile) was increased to 25% within the next 4
min, then was increased to 35% within the following 26
min, and finally was increased to 70% over the next
40 min. After reaching 70%, the solvent was run iso-
cratically for another 10 min and ramped back to
Solvent A over the last 5 min.
Enzymatic Digestion of SEL24K
To get unequivocal assignment of all disulfide bond-
containing peptides, different types of enzymatic diges-
tions were performed. We used three different enzymes
and several enzyme combinations as described below.
All digestions were carried out at 37 °C over 16–18 h for
each enzyme unless stated differently.
Native SEL24K (0.1–0.5 mg) was denatured (8 M
urea, 37 °C for 30 min). Immobilized TPCK trypsin on
cross-linked 4% beaded agarose (50 L) was washed
with digestion buffer (25 mM NH4HCO3, pH 7.8, 3 
200 L). The immobilized TPCK trypsin was suspended
in the digestion buffer (100 L) and was added into the
SEL24K sample. The reaction mixture was incubated in
a rapidly shaking water bath.
SEL24K was digested with endoproteinase Asp-N
(E/S 1:20–1:100) in 25 mMNH4HCO3 buffer (pH 7.8).
SEL24K was digested with endoproteinase Glu-C
(E/S  1:20–1:100) in 100 mM phosphate buffer (pH
7.8).
SEL24K was initially digested with immobilized
TPCK trypsin (25 mM NH4HCO3, pH 7.8). The trypsin
gel was separated from the digestion mixture by cen-
trifugation and the mixture was further digested with
Asp-N in the same buffer.
SEL24K was initially digested with immobilized
TPCK trypsin (100 mM phosphate buffer, pH 7.8). The
trypsin gel was separated by centrifugation, and the
mixture was further digested with Glu-C in the same
buffer.
Sample Preparation and MALDI MS Analysis
The dried-droplet method was used. The sample solu-
tion (1 L) was mixed with matrix solution (1 L,
saturated CHCA solution in 50%MeCN in 0.1% TFA; or
saturated SA solution in 50% MeCN in 0.1% TFA; or 3
1605J Am Soc Mass Spectrom 2009, 20, 1603–1616 S–S–BOND SCRAMBLING IN TRYPTIC PEPTIDES DURING MALDImg/100 L 2,5-DHB in 50% EtOH in 0.1% TFA; or 3
mg/100 L THAP in 50% MeCN) on the MALDI-plate.
External calibration of MALDI mass spectra was carried
out with the ProteoMass MALDI calibration kit (Sigma-
Aldrich, St. Louis, MO, USA). C18 ZipTips were used to
desalt and concentrate the samples before MALDI-TOF
MS analysis. MALDI and MALDI-CAD spectra were
recorded in positive reflectron mode on an AXIMA
curved-field reflectron (CFR) MALDI-TOF mass spec-
trometer and on a quadrupole ion-trap (QIT) MALDI-
TOF instrument (Kratos/Shimadzu, Columbia, MD,
USA).
Results and Discussion
Gas-Phase Scrambling of Disulfide Bonds
The UV-laser-induced fragmentation of S–S–bonds dur-
ing MALDI is a process that proceeds with high proba-
bility through radical intermediates. For example, the
solution-phase oxidation of hydroquinone to benzoqui-
none is known to proceed through the resonantly-
stabilized semiquinone radical intermediate (Scheme 1a).
This process furnishes two protons and two elec-
trons, the equivalent of a hydrogen molecule, and has
been used for the one-electron reduction of photo-
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in the past. It is also the basis for the radical scavenging
abilities of many natural products [19–21]. The hydro-
quinone moiety is also present in the widely-used
2,5-DHB and, very recently, a method for photo-
induced redox tagging of cysteine sulfhydryls with
benzoquinone has been described (Scheme 1b) [16]. The
hydroquinone system appears to get oxidized more
easily if electron-donating substituents (R  OMe) as
opposed to electron-withdrawing substituents (R 
COOH) are present. Nevertheless, MALDI matrices
such as 2,5-DHB with OH-groups in para-position
relative to each other have the potential to undergo
such redox reactions as well (Scheme 1c). Analogously,
two equivalents of -cyano-4-hydroxycinnamic acid
(CHCA) can possibly be converted by laser irradiation
to resonantly-stabilized phenoxy radicals and two pro-
tons and two electrons, i.e., “H2” (Scheme 1d). Experi-
mentally, we were able to demonstrate that there is
evidence for dimeric matrix–analyte complexes [M 
2CHCA  H] setting the stage for reduction of suit-
able substrates M.
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[M  2CHCA  H] complex at m/z 499.9 was essen-
tially absent. After isolation of the ion m/z 481.9, post-
source decay (PSD) fragmentation showed the loss of
intact protonated L-cysteine at m/z 122.8 (Figure 1b).
The presence of anhydride species was supported by
the observation of a peak at m/z 360.7, representing a
[2CHCA  H2O  H]
 species, a peak at m/z 172.3 for
the acylium ion of CHCA, and a peak at m/z 294.3
indicating a [M  CHCA  H2O  H]
 ion. The
acylium ion of CHCA has much more pronounced
resonance stabilization compared with the acylium ion
from cysteine. Therefore, the latter was not observed at
m/z 104. The existence of a noncovalent protonated
CHCA trimer could be established after isolation and
PSD fragmentation of the ion at m/z 567.8 (Figure 1c).
Already at very low laser power setting, fragmentation
resulted in ions for the protonated dimer at m/z 378.9
(dehydrated at m/z 361) and for the protonated mono-
mer at m/z 190.6 (dehydrated at m/z 172.8), respectively.
Analogous dimeric species in 2,5-DHB and THAP were
not observed.
With good evidence for dimeric matrix complexes
with protonated analyte molecules, we investigated the
behavior of cystine. To ascertain the complete oxidation
of cystine, samples were prepared after incubation with
H2O2 (3%). As expected, cystine underwent significant
reductive fragmentation in either CHCA or 2,5-DHB
matrix during desorption/ionization (Figure 2a, b).
When we changed the matrix to THAP as a control
experiment, no reductive fragmentation was observed,
and only the [MH] species for cystine was observed
at m/z 240.7 (Figure 2c). THAP has three OH-groups in
meta-position relative to each other and, therefore, does
not undergo redox reactions easily.
Next, we turned to bovine insulin as a simple model
protein. Bovine insulin consists of two peptide chains
referred to as A- and B-chain containing a total of three
disulfide bonds (two interdisulfide bonds one intradis-
ulfide bond, Figure 3a). Because there are only two
trypsin processing sites (RB22, KB29), the digest con-
tained one peptide with all three S–S–bonds intact. We
found trypsin digestion of insulin helpful because it
resulted in better mass spectral response than native
insulin. Out of four matrices (CHCA, 2,5-DHB, SA and
THAP), only CHCA and SA resulted in good spectral
response, whereas 2,5-DHB and THAP did not give
enough identifiable signals at high mass range. The
spectra obtained from MALDI-TOF and MALDI-QIT-
TOF with CHCA as matrix showed two major fragment
ions I and II at m/z 4821.8 and 859.3, respectively, both
4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
Figure 1. MS-data collected on AXIMA-CFR
L-cysteine (CHCAmatrix). Peaks for protonated
protonated matrix molecule can lose water to fo
of the complex [L-Cys  2CHCA  H O  H]2
trimeric matrix cluster at m/z 568.0. The cluster fragmof which were assigned as shown (Figure 3b). The less
intensive peak at m/z 2485.6 was assigned to the B-chain
fragment IV with newly formed intradisulfide bond.
Whereas conventional reductive in-source dissociation
(ISD) would lead to a pair of reduced cysteines and an
A-chain fragment ion III with a theoretical m/z value of
2336.9, no evidence for this peptide was observed.
However, we observed the oxidized A-chain fragment
ion III at m/z 2335.1 in significant abundance when we
switched the matrix to SA (Figure 3c). A possible
explanation may be the extent of peptide protonation
before desorption inside the matrix. In CHCA, the
process appears to favor the most basic peptides. How-
ever, in SA, larger peptides and neutral or moderately
basic peptides are ionized as well, which may reflect a
difference in the efficiency of light-absorption in the
matrix and a difference in the subsequent physical
desorption/ionization process. This would be consis-
tent with the notion that the A-chain fragment ion III
lacks arginine and lysine. Disulfide scrambling may be
explained by the mechanism shown in Figure 3a. The
observed fragment ion IV is the consequence of photo-
initiated formation of four sulfhydryl radicals and rapid
intramolecular recombination, a nonreductive process
consistent with previously published results from CAD
experiments [14].
The peptide at m/z 2485.6 was submitted subse-
quently to an MS/MS experiment (Figure 4a). A num-
ber of b and y-type ions (e.g., b5, b6 and b19-b21; y16-y18)
from outside the disulfide loop were observed (Figure
4b). The singly-charged “triplet” ions at m/z 989.7 (base
peak), 1023.7, and 1055.7 separated by 34 and 32 m/z,
respectively, indicated asymmetric cleavage across the
disulfide bond. Fragment ions originating from the
cleavage of amide bonds within the intrachain disul-
fide loop were assigned as shown in Figure 4b. These
fragment ions exhibited a mass shift of 32 m/z or 34
m/z compared with the predicted m/z values for the
fully reduced b or y-type ions. A salt bridge mechanism
has been proposed previously to explain the disulfide
bond cleavage in protonated peptides under low-
energy CAD condition [13]. The same theory was used
to explain the fragmentation of intrachain disulfide
bonds of peptides by nanoESI CAD and to extend it to
a proton-induced asymmetric cleavage of the disulfide
bond [22]. Such fragmentations were shown to yield a
modified cysteine with a disulfhydryl substituent and a
dehydroalanine residue on the C–S cleavage site. The
subsequent amide bond fragmentation consequently
resulted in a series of b- and y-type ions with the
respective mass shift.
™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
LDI-TOF instrument: (a) mass spectrum of
x molecules, dimers, and trimers are visible. The
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1608 ZHAO ET AL. J Am Soc Mass Spectrom 2009, 20, 1603–1616Figure 2. MS-data collected on AXIMA-CFR MALDI-TOF instrument: (a) mass spectrum of cystine
(CHCA matrix) with ISD ions clearly visible; (b) mass spectrum of cystine (2,5-DHB matrix) with ISD
ions clearly visible; (c) Absence of ISD ions during ionization from THAP.
1609J Am Soc Mass Spectrom 2009, 20, 1603–1616 S–S–BOND SCRAMBLING IN TRYPTIC PEPTIDES DURING MALDIBoth the insulin sample and the SEL24K sample were
digested with trypsin according to the same procedure.
We used electrospray (TSQ Quantum Triple Quadru-
pole MS; Thermo Scientific, Waltham, MA, USA) as a
different ionization technique to show that base-
catalyzed disulfide scrambling in solution did not con-
tribute in our case. The singly-charged fragment ion II
was observed atm/z 859.5 as well as the doubly-, triply-,
and quadruply-charged species of fragment ion I at m/z
2410.9, 1607.6, and 1205.9, respectively, (see Supple-
mental Materials, which can be found in the electronic
version of this article). Analogous results were also
obtained with an LC1200L Triple Quadrupole ESI-MS
(Varian, Palo Alto, CA, USA) (data not shown). In either
case, no peptide ions with scrambled disulfide bonds
were observed, which indicated that the disulfide
scrambling reported here is prone to occur in the gas
phase of the MALDI ionization source.
An analogous S–S–bond scrambling reaction in the
gas phase was observed during MALDI analysis of
tryptic peptides from the salmon egg lectin SEL24K.
First, we established the correct disulfide bond pattern
in SEL24K and subsequently investigated the newly
formed peptides with scrambled disulfide bonds as
Figure 3. MS-data collected on both AXIMA
spectrum of trypsinized bovine insulin. The sig
with an intrachain disulfide bond. The accuracy
instruments. A possible mechanism for this gas-p
by the matrix during desorption/ionization (r
Evidence for the latter was observed from fragmdiscussed below.Purification of SEL24K
Previously isolated and stored (frozen) SEL24K protein
was purified a second time using HPLC to obtain
protein of the highest purity for enzymatic digestion.
SEL24K can be stored at20 °C for several months with
only minor degradation as indicated by the unidenti-
fied compounds eluting at 6, 33, and 75 min (see
Supplemental materials). SEL24K has a theoretical mo-
lecular mass of 21,503 Da, as confirmed by MALDI-TOF
analysis from SA. After spectral smoothing, signals for
the [M  H] and the [M  2H]2 species at m/z 21,500
and 10,900 were observed, respectively, in accordance
with previous reports and with the cDNA sequence (see
Supplemental Materials).
Enzymatic Digestions of SEL24K
The strategy of S–S–bond elucidation was based on the
use of multiple digestion approaches. With this ap-
proach, multiple peptide pools were generated for
identification of the disulfide bond pattern. The advan-
tage of this approach was that certain peptides that
were suppressed during MALDI analysis in one digest
MALDI-TOF and QIT-TOF instrument: Mass
t m/z 2485.6 corresponds to a new peptide (IV)
e mass was independently ascertained on both
disulfide bond scrambling is based on reduction
or photo-induced disulfide scrambling (left).
III in SA.-CFR
nal a
of th
hase
ight)
entwere readily identified in another digest. Ion suppres-
ion f
1610 ZHAO ET AL. J Am Soc Mass Spectrom 2009, 20, 1603–1616sion effects are primarily based upon the basicity of the
peptide and its success in competing for the proton. If
the peptide contains one or several basic amino acids, it
can be detected in most cases with reasonable abundance
during concurrent ionization of a peptide mixture. A
particular enzyme might yield peptides that do not con-
tain any basic amino acids. Such peptides could be present
but completely suppressed and not observed. However,
an alternative enzyme digestion might produce a similar
amino acid sequence including a basic amino acid, which
leads to successful ionization and detection.
Assignment of the Disulfide Bond Pattern in SEL24K
The mass spectrometric analysis of the different pep-
Figure 4. MS-data collected on the MALDI-QIT
disulfide bond-containing peptide ion at m/z 2485
(b) Assignment of theMS/MS fragmentation of thetide pools resulted in multiple characteristic signalsfor peptide fragments and disulfide-bonded peptides
in each case. The former could be identified from
theoretical peptide masses of in silico digestions (e.g.,
ProteinProspector), whereas the latter were identified
from empirical combinations of peptides and experi-
mental m/z values of the corresponding S–S–bonded
peptides including their reduced ISD-fragments. For
example, the digestion of SEL24K with Glu-C yielded
a different peptide pool (see Supplemental Materi-
als). The use of different matrices for MALDI analysis
resulted in markedly different spectra. Much more
extensive fragmentation was observed from CHCA as
opposed to SA. However, in SA, one ISD-fragment
ion for the protonated C15/C94-linked peptide was
observed at m/z 1212.2, whereas it was absent in the
instrument: (a) MS/MS spectrum of intrachain
ived from gas-phase scrambling during MALDI;
rom a). Internal losses are indicated by an asterisk.-TOF
.6 derspectrum from CHCA. The signal at m/z 2883.7 rep-
1611J Am Soc Mass Spectrom 2009, 20, 1603–1616 S–S–BOND SCRAMBLING IN TRYPTIC PEPTIDES DURING MALDIresented a protonated peptide with scrambled S–S–
bond. The formation of this peptide is discussed
Table 1. Observed m/z values of [M  H] peptides in MALDI
Peptide Dig
1 a) Asp-N
b) TPCK tryp
2 TPCK trypsin
3 Glu-C
4 TPCK trypsin
5 TPCK trypsin
6 TPCK trypsin
7 TPCK trypsin
8 TPCK trypsin
9 TPCK trypsin
10 Asp-N
11 Asp-N
12 TPCK trypsin
13 TPCK trypsin
14 TPCK trypsin
15 TPCK trypsinfurther below.For several disulfide bonds, diagnostic peaks from
different enzyme digestions were obtained. For exam-
spectra. The matrix used was CHCA unless indicated otherwise
m/z
[M  H]theor
m/z
[M  H]obs
m/z
(ISD)
sp-N
2295.1 2295.4 (0.5) 1417.8
-N 1988.9 1988.2 (0.5)
2131.9 2132.7 (0.5) 1212.2
-N 3453.7 3455.5 (1.5) 1480.9
C 2228.1 2228.7 (0.5) 1365.6
C 2591.2 2591.7 (0.5) 1728.6
C 2608.2 2609.0 (0.5) 1745.6
C 1893.8 1893.5 (0.5) 834.3
1147.6 1147.8 (0.5)
4609.1 4606.6 (2) 3451.4  1158.7
3452.5 3452.9 (1.5)
-N 4111.8 4113.6 (2) 3455  1480.9
-N 4469.0 4469.9 (2)
matrix) 5164 5164 (3) 2933.9
matrix) 7042 7040 (4) 5164-TOF
est
sin/A
/Asp
/Asp
/Glu-
/Glu-
/Glu-
/Glu-
/Asp
/Asp
(SA
(SAple, the disulfide bond between C106 and C135 was
1612 ZHAO ET AL. J Am Soc Mass Spectrom 2009, 20, 1603–1616established from multiple peptide ions observed in the
digests of immobilized TPCK trypsin/Asp-N and im-
mobilized TPCK trypsin/Glu-C (see Supplemental Ma-
terials). From this digest, we were also able to identify
the S–S–bond between C115 and C194 through the signal
at m/z 1893.5 as previously published [23], and its
ISD-fragment ion at m/z 834.3.
In all analyzed peptide pools, it was interesting that
often not both but only one of the two possible reduced
ISD-fragments were observed. For example, entry 1 in
Table 1 was observed as an abundant [M  H] signal
at m/z 2295.4. Two protonated ISD fragment ions, i.e.,
[DVC35SIGRPDNQLT  H] and [AISITC6EGS  H],
were possible; however, only the former was observed
abundantly at m/z 1417.8. This is consistent with the
presence of a basic arginine (R). The other ISD fragment
does not have a basic amino acid in its structure and,
therefore, does not compete successfully for the proton.
A similar trend was observed for entries 4–8, 10, 12. In
the case of entry 10, both peptides contain R and K, and
both ISD-fragment ions were observed at m/z 3451.4
and 1158.7, respectively.
The diagnostic peptide signals are summarized in
Table 1. Mass accuracy at low m/z value was to within
0.5 m/z for singly-charged ions. For ions with m/z values
between 5000 and 7000, the mass accuracy was to
within 3–4 m/z. To unambiguously assign the disulfide
bond of SEL24K, the disulfide bond-containing peptide
ions were selected and submitted to the MS/MS frag-
mentation study (data not shown).
Overall, the disulfide bond pattern in SEL24K was
established as shown in Figure 5. All cysteines are
oxidized and the S–S–bond pattern is symmetrical
across the tandem-repeat sequence, which is consistent
with the related rhamnose-binding egg lectins from the
Spanish mackerel [24, 25].
Gas-Phase Scrambling of Disulfide Bonds
in SEL24K
When we investigated exclusively the tryptic peptides
from SEL24K in CHCA matrix, some of the observed
peptides had structures inconsistent with the S–S–
bonds in the native protein as established above. The
MALDI-TOF mass spectrum of the tryptic peptide pool
displayed several abundant ionic species, the composi-
Figure 5. Disulfide bond pattern in SEL24K. A
symmetrical across the tandem-repeat sequence.tion of which could neither be established from in silico
digestion of the fully reduced protein nor from conceiv-
able S–S–bonded peptide strands. Subsequent MS/MS
studies of those ions consequently caused us to derive
their structures as shown in Scheme 2 [23].
The tryptic digestion of SEL24K leads to one partic-
ular disulfide-bonded peptide with six inter-chain S–S–
bonds (only one missed tryptic cleavage site, i.e., R39)
(Scheme 2). Concurrent transfer of one hydrogen atom
each to C62/C135 during MALDI and subsequent disul-
teines are oxidized and the S–S–bond pattern is
(AI...C6...C15...GK)
(YSC94...C106...C115DR)
(QH...C35...C49...SK)
(YL...C194D)
(QH...C135...GR)
(SEC68...C81...YK)
(C62...GK)
(AI...C6...C15...GK)
(YSC94...C106...C115DR)
(QH...C35...C49...SK)
(YL...C194D)
(QH...C135...GR)
(SEC68...C81...YK)
(C62...GK)
SH
SH
"H H"
MALDI
Observed Observed
Observed
Observed
Observed
Scheme 2. Possible reaction mechanism for the laser-induced
gas-phase scrambling of disulfide bonds in SEL24K.ll cys
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bonds. All peptides formed in this way were detected as
protonated molecules during MALDI-TOF analysis
(Scheme 2).
Whereas peptides from Asp-N did not give rise to any
scrambling during the desorption process (see Supple-
mental Materials), other enzymes and combinations
thereof did. For example, the mass spectrum of peptides
from the Glu-C digestion displayed a signal at m/z 2883.7.
MS/MS-data allowed assignment of the peptide to the
Figure 6. MS-data collected on the MALDI-QI
with Glu-C: (a) MS/MS spectrum of intrachain
derived from the gas-phase scrambling. Internal
the MS/MS fragmentation of the ion from (a).structure VC35SIGRPDNQLTDTNC49LSQSSTSKMAE(34–60) with a scrambled intrachain disulfide bond
(Figure 6) inconsistent with the above assignment of
Cys6-Cys35 and Cys49-Cys81 (Figure 5).
Scheme 3 shows a possible mechanism for this
scrambling. Initial fragmentation of the two disulfide
bonds within fragment ion I was followed by formation
of a new intrachain disulfide bond between Cys35 and
Cys49, possibly supported by spatial disposition of the
two sulfhydryl radicals. The remaining fragment ions II
and IV are the result of reduction by the matrix m/z
F instrument. Peptides generated from SEL24K
lfide bond-containing peptide ion of m/z 2883.7
s are indicated by an asterisk. (b) Assignment ofT-TO
disu
losse736.5, see Supplemental Materials). Unfortunately, frag-
1614 ZHAO ET AL. J Am Soc Mass Spectrom 2009, 20, 1603–1616ment IV ion was not observed presumably because of
ion suppression.
Also, the TPCK trypsin/Asp-N enzyme combination
resulted in scrambled peptides (data not shown). This
possibly indicates that only specific peptides with fa-
vorable structural features, such as distance between
cysteines and total number of cysteines in the peptide
can lead to gas-phase S–S scrambling during MALDI.
That a photo-induced gas-phase S–S–bond rear-
rangement should occur at all as described above can be
rationalized as follows. It is known that radicals can
undergo very fast intramolecular rearrangement reac-
tions, particularly if structural and spatial conditions
are favorable [26]. The tendency of the polarizable
sulfur atom to participate in radical reactions has been
known for decades in many fields of chemistry [27–30].
It has been demonstrated that electron attachment to a
disulfide bond leads to significant bond weakening
and formation of stable radical species at low tem-
perature in solution [31, 32]. The reduction of disul-
fide bonds by photoexcitation of tryptophan groups
in goat -lactalbumin has been described before [33].
This process involves transfer of photo-electrons
from a proximal tryptophan to the disulfide bond and
subsequent cleavage into a thiolate ion and thiyl
VC35SIGRPDNQLTDT
AISITC6E
VC35SIGRPDNQLTDTN
PC
H+AISITC6E
SH
S
M
"H H
Fragment II (m/z 736.5)
Scheme 3. Possible reaction mechanism for th
peptide from the Glu-C digestion of SEL24K. A sc
fragment ion were observed.radical (see Supplemental Materials).In the case of SEL24K, external matrix molecules
produce photo-electrons upon UV laser excitation. Sub-
sequent reactions presumably follow the mechanism
described above. Unexpected peptides with scrambled
disulfide bonds resulting from this process preferably
may have an even number of cysteines (fully-paired
because of proximity) displaying mainly intrachain
bridges for thermodynamic reasons. All other peptides
with an odd number of cysteines become subject to
reduction (ISD). ISD is more commonly observed for
interchain disulfide bonds than for intrachain disulfide
bonds [34–36]. This indicates an inherently higher ther-
modynamic stability of intrachain S–S–bonds, and may
provide a driving force for the scrambling reaction
described above. Early evidence for this behavior was
reported in electron ionization (EI)-MS-spectra of
dithiacyloalkanes [37].
The tryptic peptide from insulin has an even number
of disulfide bonds connecting both chains, and gives
rise to radical recombination without reductive ISD.
The tryptic peptide from SEL24K also has an even
number of cysteines overall, but gives rise to scrambling
with reductive ISD because of an odd number of
cysteines in the chain, including C135 and C62. The
absence of the complementary ISD fragment from the
9LSQSSTSKMAE
1VGTYKYLD
LSQSSTSKMAE
GTYKYLD
H+
DI
Peptide I
(not observed, would be m/z 4777.2)
Fragment III (m/z 2883.7)
Fragment IV
(not observed, would be m/z 1158.5)
to-induced scrambling of disulfide bonds of a
led intrachain fragment ion and a reductive ISDNC4
PC8
C49
81V
H
AL
"
e pho
rambchain including C62 can be explained with ion-
1615J Am Soc Mass Spectrom 2009, 20, 1603–1616 S–S–BOND SCRAMBLING IN TRYPTIC PEPTIDES DURING MALDIsuppression because of absence of any basic amino
acids in the peptide.
Finally, it is interesting to notice that in related
rhamnose-binding lectins from the Spanish mackerel
[24], peptides generated by trypsin have typically only
one disulfide bond so that gas-phase scrambling is not
of concern in this case, and ISD analysis remains a
valuable analytical technique.
Conclusion
We have shown herein that tryptic peptides with mul-
tiple disulfide bonds have the potential for S–S–bond
scrambling through a photo-induced radical recombi-
nation or through a radical redox reaction initiated by
the matrix and ISD. Radical recombination scrambling
may possibly be favored in cases of resulting peptides
with fully-paired intrachain S–S–bridges, and matrix/
ISD-initiated radical redox scrambling may possibly be
favored if chains with an odd number of cysteines are
present. This phenomenon was observed not only for
the tryptic peptide pool from SEL24K but also for the
Glu-C digest. It was absent in the Asp-N digest. The
coincidental distribution of cysteines and trypsin cleav-
age sites in SEL24K compared with other proteins gives
rise to a macro-peptide with six disulfide bonds. As
such, it represents a unique case and may not be
representative generally. However, inadvertent mis-
takes in the assignment of disulfide bond patterns in
proteins because of gas-phase scrambling can be
avoided by using multiple enzymes and chemical mod-
ification. The disulfide bond pattern in SEL24K from the
Chinook salmon Oncorhynchus tshawytscha was estab-
lished unequivocally. Further experiments need to be
carried out to fully elucidate the mechanism for the
gas-phase disulfide bond scrambling reported herein.
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